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AN ANALYTICAL. STUDY OF HEAT REQUIREMENTS FOR ICING
PROTECTION OF RADOMES

By James P. lewls

SUMMARY

The heat requirements for the icing protection of two radome con-
Piguraetions have been studied over a range of design lcing conditions.
Both the protection limits of a typlcal thermel protection system and
the relative effects of the various icing variables have been determlned.
For full evaporation of all impinging water, an effective heat density
of 14 watts per square Inch was required. When a combination of the
full evaporation and running-wet surface systems was employed, a heat
requlrement of 5 watts per square inch provided protection at severe
icing and operatling conditions.

INTRODUCTION

Radar is becoming of increasing imporitance in the design and
operation of aircraft. Successful operation of these aircraft demands
that the performance of the radar system including.the radome be unim-
paired by environmental factors including icing conditions. Recent
experimental investigations have shown that redomes mounted in the nose
of an alrcraft are very susceptlible to icing and that this radome icing
has serious effects on the radsr operation resulting from a marked
decrease in the transmission efficiency and a deflection of the radar
beam. Protection of the radome ageinst icing, therefore, is required.
This protection can be achieved in several ways, including: applying
a temperature-depressant material to the radome surface, or heating the
radome surface sufficiently to prevent the formetion of ice. This report
will consider only the thermal protection method.

The determination of the heating requirements and the performance
of a thermal icing protection system requires many complex calculations.
Much of the basic information required for such a calculation, particu-
larly for a body such as a radome operating at high speeds, 1s not always
readily available nor in a form directly applicable for engineering
design purposes. For these reasons, the performance of s radome thermal
lcing protection system has been studled at assumed operational and icing
conditions. The objectives of this study, which was conducted at the .
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NACA Lewis laboratory, were to determine the protectlion requirements
for a typlcal thermal icing protection system and to study the relative
effects of the various icing variasbles on these protection requirements.

ANATYSIS

This investigation is divided into two parts: (l) a study of pro-
tection requirements for complete evaporation of all the water impinging
upon the radome, resulbting in a dry surface, and (2) a study of protec-
tion requirements for the case of a running-wet condition, that is, only
sufficient heat is supplied to mainteln the coldest point on the surface
of the radome at 32° F and thus prevent the formation of ilce on the
radome. In this latter method, the excess water not eveporated from
the radome surface will flow aft and freeze on the unheated portlions of
the aircraft.

Evaporation of Impinging Water

For the case of complete evaporation of all the impinging water,
the heat- and mass-transfer relations given in references 1 and 2 may
be written in the following form

hay(tg=t0) + 2.82 LhgyK(eg/py - 0/Ro) + coltny(tg-to)
(1)
- [ - yi? (] B

A11 symbols are defined in appendix A. In order to simplify the calcu-
lations, average values are used in this equation rather than calcu-
lations made at locel points all over the radome surface and integre-
tion of these results. In addition, the heat quantitlies are the heat
requirements at the radome surface and do not represent the heat-source
requlrement.

The heat required for evaporation is

Ge = Tyl (2)

The heat avallable for evaporation is

de = 2.82 hy L(eg/p1 - ep/Po) (3)
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For complete evaporation equation (2) must equal equation (3), or

2.82 (eg/P1 - ep/Pp) = Mgy/hey (4)
The average rate of water impingement is glven by
m, . = 0.3296 Ep V, AP/AS w (5)

The collection efficiency E, is defined as the ratio of the
amount of water actually lmpinging upon a body to the amount of cloud
water which would be swept out by the area of the body projected in the
flight direction. This collection efficiency is a function of body
slze end shape, airspeed, btemperature, pressure, and water droplet silze.
The values of collection efficiency used in this analysis were obtalneéd
from the datae of reference 3 and unpublished experimental data.

The latent heat of vaporization 1. was taken as 1060 Btu per
pound, K as 1.0, V; as 0.87 V5, and r as 0.85. Assuming values
of %y and corresponding values of pp and Ep for a given condition

of airspeed and effective heat input q, equations (1), (4), and (5)
were solved simultaneously by trial end error for the limiting values of
liquid~water content. This velue of liquid-water content represents

the maximum value for the assumed conditions for vwhich all the impinging
water will be evaporated within the heated surface area of the radome.
An eirspeed of 600 mlles per hour was assumed throughout the study
together with an effective heat density of 2100 Btu per hour per square

foot, equal %o 4% watts per square inch. This heat density was con-

sidered to be uniform over the surface area of the radome.

Running-Wet Condition

For ‘the case in which the coldest point on the radome 1s Jjust
32° ¥ and no ice forms, the following solution was used:

The locel rate of impingement is given by

m = 0.3296 Vg wB (s)

where the local collection efficiency B was determined from the data
of reference 3 and unpublished experimental data.
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By use of the relative heat factor b = cy m/h, equation (1) for
this conditlon may be written

(32-t0) (14b) + 2:82 LK (0.18 e?)

o \P1/Pg
(7)
1 v1)2< )
2 -\ 5 l-r
v 7
04 0 +b +%
5X10 p

For this case, . was taken as 1075 Btu per pound. Preliminary
calculations at various points along the radome surface indlcated that
the coldest reglon on the radome occurs at the rearmost point on the
redome. The limit of impingement was also found to be very close to
this rearmost polnt. This results in & value of the wetness factor X
of 1.0. As in the case for complete evaporation, equations (6) and (7)
were solved for the limiting value of liquid-water content for varlous
air temperatures at the assumed airspeed and effective heat density
values. In addition, the required velue of liquid-water content for a
running-wet surface for the case of an unheated radome was obtained by
setting the q/h term in equation (7) equal to zero.

Tcing Conditions

The degree of protection afforded a vulnerasble sircraft component
by a thermal icing protection system 1s dependent upon the icing condi-
tions that will be encountered as well as upon the avallasbillty of heat
and the system efficlency. Thus, in the design and in the appraisal of
a protection system, the expected icing conditions must be studled and
established in order to obtain answers that are of reasonable engineer-
ing validity. The importent veriables that must be consldered in
defining an icing condition are the cloud liquid-water content, the
water droplet size and size distribution, the alr temperature and pres-
sure, and the extent and frequency of occurrence of & particular type
of cloud. Extensive studies of these factors and their combinations
have been made by the NACA. Statistical studies of lcing conditions
and methods of determining the proper combinetion of the important icing
verisbles have been reported in references 4 and 5.

Tn the selection of the variables defining an lcing condition, the
collection efficiency of the body must also be considered since 1%t is
as importaent as the cloud water content and cloud extent in determining
the severity of a particular icing condition. The collection efficiency

2v8e
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of the radomes considered in this analysis was used (as indicated in
ref. 4} to determine the particular combination of values of liquid-
water content and droplet size for a particular frequency of occurrence
that resulted in the meximum rate of impingement.

Since the heat requirements for a thermsl protection system are
dependent on the air temperature, it was decided to employ & temperature-
altitude relation representative of icing conditions. Reference 4 pre-
sents the observed veriation of air temperature and pressure altitude
in icing conditions. Considerable variation in air temperature for =
given altitude is shown by these data; and for this reason and also to
obtain a more realistic basis for appraisal of the protection system,
the temperature-altitude curves shown in figure 1 were selected. One
curve represents the average of the data of reference 4, while the
second curve is a falring through the points of lowest tempersature
reported in reference 4. The NACA standard stmosphere is also given
in figure 1 for comparative purposes. From these temperature-asltitude’
relations and from an assumed exceedence probebility of 1 in 1000, the
particular combinations of liquid-water content and droplet size which
gave maximum rate of impingement were chosen from the curves of refer-
ence 5. The liguld-water content and droplet size corresponding %o
cumulus clouds were taken for the low-temperature condition as repre-
sentling extremely severe icing conditions, while layer cloud values
were taken for the average temperature conditions as belng typical of
average icing conditions, especilally with respect to extent of the con-
dition and as the limit for which the full evaporation system would
provide protection. The resultant curves of liquid-water content and
droplet size against air temperature are shown in figure 2. The drop-
let size distribution assumed in the asnalysis is shown in Pigure 3.

Miscellaneous Assumptions

In addition to the icing conditions, several other factors were
assumed for the purposes of the anslysis. Two radome configurations
were investlgated, half-sections of which are shown in figure 4,
together with the pertinent dimensions. Both radomes, which were
assumed to be nose instellations, were portions of ellipsoidal bodies
of revolution. It was assumed that protection was required to the rear
of the radomes. '

The convective heat-transfer coefficient was calculated from
unpublished experimental deta obtained from tests of similasr bodies
in the icing research tunnel.
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RESULTS AND DISCUSSION
The results of this analysis are presented for the two radome con- .

figurations for the assumed lcing conditions.

A-Radome

3982

Iow-temperature cumulus condition. - The performence of the pro-
tection system for the blunt A-radome at the low-temperature cumulus-
cloud condition is shown in figure 5. The assumed lcing conditions _
teken from figure 2 are designated as the icing limit, and it 1s assumed
that no protection is necessary for conditions to the left of this curve.
Tor the case in which no heat is applied to the radome, an ice-free
running-wet surface for certain conditions results from the kinetic tem-
perature rise. This condition is obtained for all temperatures sbove
approximately 2° F (equivalent to approximately 8000 ft). With the

assumed heat density of 4% wattes per square inch, the limit for the

ice-free running-wet condition becomes approximately -18° F. For all .
air temperatures to the right of thils curve and for the values of

liquid-water content shown, the surface temperature will be equal to

or greater than 32° F with varylng percentages of the impinging water

being evaporated. As indicated by both the heated and unheated running-

wet curves, the requirement for this condition ls almost independent of
variations in liquid-water content and is almost entirely dependent upon

the alr temperature.

For the case of full eveporation, in which the radome surface is
maintained dry, the limiting liquid-water content varles from approxi-
mately 0.45 gram per cubic meter at -30° ¥ to 0.5 gram per cubic meter
at 20° F. The surface wlll be kept dry for all liquid-water and ailr-
temperature conditions below the full evaporation curve. TFor the case
of full evaporation, the calculated average surface temperature varied
from approximstely 63° to 76° F. In conbtrast to the case of the running-
wet condition, the requirement for full evaporation is almost independent
of veristions in air temperature.

The area below the lcing-condition-limit curve that is not protected
elther by full evaporation or the running-wet condition is seen %o be
rather small. In this regilon, ice resulting from both direct wabter
impingement and from runback and refreezing on the radome surface wlll
be obtalined.

In order to obtain an estimate of the heat density required for
protection over the full range of expected icing conditions, calculations ) -
were made of the variation of the heat requirement with water content
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and with air temperature for the full evaporation end rumming-wet sys-
tems, respectively, at specific values of altitude, droplet size, tem-
perature, and liquid-wabter content. These results are presented in
figures 6 and 7 for the A-radome. The effect of kinetic heating is
indicated in figure 6 by the evaporation of water up to 0.09 gram per
cubic meter without the application of heat. The heat requirement for
full evaporation is seen to very almost linearly with liquid-water con-
tent; the heat requirement for a running-wet surface also approaches

a lineer relation with ailr temperature. From an extrapolation of the
relations of figure 6, it is determined that protection by means of full
evaporation alone over the full range of icing conditions would require
an effective heat density of epproximately 14 watts per square inch.
Full protection by & combination of the evaporation and running-wet
surface systems over the entire range of expected icing conditions could
be achieved with an effective heat density of approximately 5 watts per
square inch.

Average—temperature layer-cloud condition. - The performance of
the thermal protection system for the A-radome at the average-
temperature layer-cloud condition is shown in figure 8. In this case

the assumed effective heat density of 4%.watts per square inch is suf-

ficient to provide protection over the entire range of icing conditions.
Full evaporation of the impinging water is obtained up to epproximately
0.45 gram per cubic meter corresponding to an altitude of approximately
9800 feet and a temperature of 12° F. A heat density of 6.5 watts per
square inch would provide full evaporation over the whole range of icing
conditions. The minimum heat density that would provide protection by
a combination of systems (full evaporation and running-wet surface) is
approximately 2.5 watts per square inch. The 1imit for the no-hest
running-wet surface condition is 5.5° F as compared with 2° F for the
low-temperature cumulus-cloud condition (fig. 5).

B-Radome

Similer results for the narrow B-radome are presented in figure 9
for the low-temperature condition. The limits of protection for the
running-wet surface condition both with and without heat are approxi-
mately 2° F less than for the blunt A-redome. The aversge limiting
liquid-water content for full eveporation is epproximately 0.53 gram
Per cubic meter as against 0.48 gram per cubic meter for the A-radome.
Thus, despite a considerable difference in both fineness ratio and size
of the two radome configurations, the performance of the protection
systems 1s almost the same. For this reason the results for the
B-radome at the average-temperature layer-cloud condition have been
omitted.
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CONCLUDING REMARKS

In the analysis presented herein 1t was necessary to make several
assumptions. It is believed that most of these assumptions, including
the icing conditions, are of reasonsble valldity. The most important
assumptions that might be questloned are the impingement efficlency and
the assumption of an average or uniform effective heat density. The
jmpingement efficiencies used 1n the analysils are based upon the values
for spheres given in reference 3 and upon experimentel resulis for sim-
iler radomes obtalned at lower alrspeeds. For the case of the running-
wet surface, the value of the assumed local impingement efficiency 1s
relatively unimportent since, as shown by the results of the analysis,
the heat requirement 1s almost independent of the emount of water caught.
For the case of full eveporation the heat requlrement, as indicated by
the results of figure 6, is directly dependent on the amount of water
caught. The total collection efficlencles are regarded as accurate
within at least +10 percent. Based upon the results of figure 6, the
heat requirements in the range of interest have approximately the same
degree of accuracy.

A more important limitation of the results for the case of full
eveporation is the fact that a uniform heat density over the radome
surface was assumed and the calculatlons were made on an average besis
rather than by computing the system performance on a point-to-point
basis from the radome nose aft. The attainment of both e uniform hest
density and surface temperature is impossible and, practically, even
the attainment of uniform heat density would be extremely difficult.
It 1s believed, however, that the use of average values in the calcu-
letlon of the performance of the protection gsystem is wvalid for the
purposes of this analysils as indicating within the limits of engineering
accuracy the order of magnltude of the limits of performance of the
protection system and the variation of these limits with the important
icing variables.

The results of the analysls have indicated that lcing protection
of a radome by a thermal protection system can be achieved with reason-
able values of heat density even at extreme combinations of operating
and icing conditions. For full evaporation of all impinging water, an
effective heat denslty of 14 watts per square inch is required. By
employing s running-wet surface system over part of the temperature
range and full eveporation over the remslnder, protection over the full
range of iclng conditions can be achleved with an effective heat density
of 5 watts per square inch. The heat requirement for full eveporation
is dependent primerily upon the rate of water catch or, in terms of the
icing condition, the cloud liguid-water content. For the running-wet

42514
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surface condition, the heat requirement is primsrily a function of the

ambient air temperature. The use of the running-wet surface system will
be dependent not only on the effects of a water £ilm on radar operation
but also on the tolerance of the aircraft for runback ice formations aft

of the radome.

Lewils Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohio
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APPENDIX - SYMBOLS

The followlng symbols are used in this report:

aree, s8q £t
relative heat factor, me_/h, dimensionless

specific heat of air at comstant pressure, 0.24 Btu/(1b)(°F)

specific heat of liquid water, 1.0 Btu/(1b)(°F)

droplet diameter, microns

collection efficlency, dimensionless

partiel pressure of water vapor, (corresponding to saturated
air), in. Hg

acceleration due to gravity, 52.2_ft/sec2

dry convective heat-transfer coefficient, Btu/(hr)(sq £t)(°F)
mechanical equivalent of heat, 778 (£t)(1b)}/Btu

surface wetness fraction, dimensionless

latent heat of vaporization of water, Btu/lb

rate of interception of water, 1b/(hr)(sq ft)

absolute static pressure, in. Hg

effective surface heat density, Btu/(br)(sq ft) or wetts/sq in.
kinetic energy recovery factor, dlmensionless

temperature, Op

alr velocity, ft/sec

cloud liquid-water content, g/cu m

local collection efficiency, dimensionliess

2v8e
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Subscripts:

av average value

e evaporation value

P projJected in stream direction

s surface value

0 stream value

1 local value
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